Abstract-In this paper, new excitation amplitudes based on Gaussian distribution are used to improve the radiation characteristics of millimeter-wave patch array antenna operating at 30 GHz. To prove the concept, we compare different traditional excitation amplitudes with the Gaussian one for uniform linear array (ULA) and uniform planar array (UPA). We apply the Gaussian excitation amplitudes to 32 patch antenna elements for the ULA while we use 8 x 8 patch antenna elements for the UPA.
INTRODUCTION
Over the next few years, researchers are required to propose and implement technologies with higher data rates and much lower latencies than the ones available today to target the fifth generation (5G) mobile networks. However, with almost saturated bandwidth available for mobile communications, utilizing new spectrum becomes a necessity. To this end, millimeter-wave transmission is recently considered in addition to the microwave range currently used. The short wavelength in the millimeter-wave spectrum allows for smaller antennas and thus the ability to fabricate patch antenna arrays with large number of elements on a small chip. Consequently, more efficient beamforming and spatial user multiplexing become possible with this large number of antenna elements in the array. However, the performance critically depends on the radiation pattern of the antenna array.
Antenna arrays allows higher directivity with sidelobe level suppression and beamwidth reduction. An equally spaced antenna array has a periodic radiation pattern with deterministic side lobes. Moreover, grating lobes, which are sidelobes with levels equal to the main lobe, occur when the element spacing is much greater than a half wavelength. One solution to avoid grating is to use random arrays where the antenna elements are distributed over a linear, planar, or spherical aperture with unequal spacing [1, 2] . The randomness of the array elements produce random sidelobes with levels lower than the main lobe level [3] . Based on the results of the theory of random arrays [1] [2] [3] , the radiation pattern is equivalent to the characteristic function of the spatial distribution function of continues aperture excitation. Therefore, we have the ability to obtain any required radiation pattern by spatially distributing the array elements according to spatial distribution with the proper characteristic function. However, the exact radiation pattern is obtained when the number of the array elements reaches infinity. Furthermore, since the antenna element has finite physical dimension, there is a minimum distance allowed between any two elements. Consequently, random arrays have larger area than equally spaced arrays with the same number of elements.
In this paper, we propose an alternative solution to the random arrays and use uniformly spaced arrays with nonuniform excitation amplitudes. We propose Gaussian excitation amplitudes to feed patch antenna array. Thus, for a linear array, the excitation amplitudes are samples of the function
where d is the element coordinates, μ = 0, and σ is selected based on the linear array length. The Gaussian distribution function has an exponentially decaying characteristic function and consequently results in similar decaying radiation pattern.
Both linear and planar arrays are considered in this paper where the planer case uses 2-dimensional Gaussian function. Simulation results have been obtained for radiation patterns, antenna gain, and sidelobe levels by using Computer Simulation Technology (CST) Microwave Studio simulation software program [4] .
II. 32-ELEMENT UNIFORM LINEAR PATCH ANTENNA ARRAY WITH GAUSSIAN EXCITATION AMPLITUDES
Let us first consider 32-element uniform linear patch antenna array with geometrical configuration as shown in Fig. 1 . The array is uniform in spatial domain, so the patch antenna elements are equispaced. For the operating frequency of f = 30 GHz, the free-space wavelength will be λ = 10 mm only. Accordingly, the inter-element spacing is d1 = d2 = … = dN = λ/2 = 5 mm and the total length of the 32-element uniform patch antenna array is l = 16 λ = 160 mm. The array is fed with nonuniform excitation amplitudes based on Gaussian distribution (1) . It was shown in [5] that if the Gaussian function is truncated at d = 3 then the radiation pattern is almost equal to the Gaussian function with infinite support. This is because the function values for d > 3 are almost zero. Thus, the value of is found from the equality 3 = l/2 and the proposed Gaussian amplitude weights are calculated from (1) as
In order to verify the performance benefits of proposed Gaussian excitation amplitudes, the array is simulated using CST Microwave Studio [4] . The simulated E-and H-plane radiation patterns of the proposed 32-element patch antenna array with Gaussian excitation amplitudes are presented in Fig.  2 and Fig. 3 . Curves for binomial, Chebychev, uniform cosine, cosine square and Taylor excitation amplitudes are also presented for comparison purposes. It can be seen from the figure that the Gaussian amplitude weights give good performance in terms of gain, sidelobe level, and front-to-back ratio. The detailed comparison among different amplitude weight distributions are summarized in Table I . The gain of the patch antenna array with Gaussian excitation amplitudes is about 
III. 8 X 8-ELEMENT UNIFORM PLANAR PATCH ANTENNA ARRAY WITH GAUSSIAN EXCITATION AMPLITUDES
The geometrical configuration of the proposed 8x8 uniform planar patch antenna array is shown in Fig. 4 . The planar array is uniform as well in spatial domain so the patch antenna elements are equispaced. The inter-element spacing along x-axis is dx = λ/2 = 5 mm and the inter-element spacing along y-axis is dy = λ/2 = 5 mm. The length of the 8x8 uniform patch antenna array along the x-axis and the y-axis are the same and the physical dimension of the antenna array is lx = ly = 4 λ = 40 mm. The planar array is fed with non-uniform excitation amplitudes based on Gaussian distribution calculated, in a similar way as the linear array, from 2-dimensional Gaussian function as The array is simulated using CST and the simulated E-and H-plane radiation patterns are presented in Fig. 5 and Fig. 6 . Curves for binomial, Chebychev, uniform cosine, cosine square, and Taylor excitation amplitudes are also presented for comparison as well. It can be noticed that the Gaussian excitation amplitudes give good performance in terms of gain, side lobe level, and front-to-back ratio. The detailed comparison among different amplitude weight distributions are summarized in Table II . 
IV. GAIN AND SIDELOBES LEVEL COMPROMISE FOR THE GAUSSIAN EXCITATION AMPLITUDES
The excitation amplitudes are samples from the Gaussian distribution function where the equality 3 = l/2 is maintained to obtain the performance of a Gaussian function with infinite support. However, a truncated Gaussian function can be used instead which corresponds, for the same array dimensions, to a Gaussian distribution with larger . It is shown in [5] that larger results in smaller beam width and thus higher directivity. The effect in our proposed array is having smaller beamwidth and higher sidelobes. Therfore, a compromise between the gain and sidelobes level can be obtained using the Gaussian excitation amplitudes. Due to the limited space, results for different σ are not shown here.
V. CONCLUSION
Gaussian excitation amplitudes for patch antenna array operating in the millimeter-wave has been presented in this paper. The radiation characteristics at 30 GHz were found for both 32-element uniform linear array and 8 x 8 uniform planar array. The proposed excitation amplitudes allows for better radiation control as compared to the uniform and traditional non-uniform excitation amplitudes. 
